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I. Introduction

A growing body of recent empirical studies finds that the large income differences between
countries are due mostly to differences in productivity (Knight, Loayza and Villanueva, 1993:
Islam, 1995; Caselli, Esquivel and Lefort, 1996; Hall and Jones, 1999; Klenow and Rodriguez-
Clare, 1997; Easterly and Levine, 2000). Differences in capital accumulation invoked by
the neoclassical growth models predicting convergence play a secondary role compared to
differences in productivity.

Related studies on the cross-country distribution of income find features that may in-
dicate the presence of multiple equilibria in income dynamics and give rise to the concept
of convergence clubs (Baumol, 1986). Quah (1993, 1997) finds evidence of emerging twin-
peaks in the cross-country distribution of income. Kremer, Onatski and Stock (2001) find
that a single-peaked distribution may emerge after a prolonged transition. Mayer (2001)
finds twin peaks in the distribution of life expectancy using the available data since 1962,
also tending to disappear in a prolonged transition, during which the twin peaks may be a
dynamically invariant feature. Acemoglu, Johnson and Robinson (2000) give evidence that
the current distribution of income has substantive long-term determinants, being correlated
with mortality data from the colonial era. Feyrer (2000) finds that although the distribu-
tion of output per capita is single-peaked, and the distribution of human capital is almost
flat, the distribution of the productivity residual is increasingly twin-peaked, calling for a
technological explanation of cross country income disparities and dynamics.

The purpose of this paper is to propose a model of economic growth with endogenous
technological change that 1) implies the existence of convergence clubs characterized by
research and development (R&D), technological implementation and stagnation, 2) explains
the appearance and persistence of income disparities gince the onset of modern economic
growth, and 3) explains the possibility of economic ‘miracles’ leading some countries to

development, and of economic slowdowns that can cause whole groups of countries to loose
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whole decades to economic growth. The theory is built on the multi-country model of Howitt
(2000), which in turn is an extension of the Aghion-Howitt (1992, 1998) model of growth
through creative destruction. It departs from Howitt’s earlier paper in recognizing that
even though only a handful of countries perform leading-edge R&D, nonetheless most other
countries are involved in a continual process of technological change that is costly and hinges
on human capital levels.

We recognize these facts by distinguishing two types of technological change or innova-
tion: R&D and technological implementation, the process through which ideas, methods and
blueprints mostly developed in the leading countries are adapted so as to be successfully
incorporated in a different economic, geographic and socio-cultural environment. We con-
ceptualize implementation as a process that involves exploration and inquiry, as does R&D,
but less systematically and closer to the production process itself. R&D, by contrast, draws
more heavily on scientific knowledge and its institutions. Implementation takes advantage
of ideas that already exist, but is less effective at producing new knowledge. Graduating
from implementation to innovation requires surpassing a threshold level of human capital
that increases with the demands of new, ever advancing, leading technologies. As technol-
ogy advances, human capital must follow a process of catching up to continue to be effective
for R&D. The dynamic characterization of the interrelationship between R&D and imple-
mentation implies the existence of multiple steady states. These correspond to convergence
clubs of countries that 1) innovate using R&D, 2) are trapped innovating through imple-
mentation, on parallel growth paths at lower income levels, or 3) are trapped in low growth,
stagnating steady states. The few countries managing to shift from implementation to in-
novation experience transition periods of ‘miracle’ growth, while increases in the difficulty
of implementation, that could for instance accompany the introduction of general purpose
technologies by the leading economies, may lead to slowdowns in implementing countries.

The era of modern economic growth is triggered by what we shall ~all, for simplicity,




the scientific revolution, which can be considered a more efficient technology of innovation.
Before the appearance of the culture and institutions of scientific knowledge, technological
change took the form of a pragmatic creativity that we have loosely characterized, once in
the presence of a flourishing science, as technological implementation. Our model explains
how the scientific revolution can lead to the emergence of large income disparities. We show
that once the scientific revolution initiating modern economic growth takes hold in one or
several leading economies, other economies have a finite window of opportunity in which to
adopt the necessary institutions for R&D to become viable, and therefore to join the leading
club. Failure in this process of catching up, which occurred in most countries as the scientific
revolution gained momentum, results in the loss of the capability to do R&D. The human
capital and technological levels that can be obtained by economies whose growth is based
on technological implementation may be insufficient to reach the advancing threshold that is
necessary for R&D to be viable. Consequently, most countries were trapped in technological
implementation or stagnation, unable to do R&D, and large, long-term income disparities
emerged.

All of these results hold even in a world economy open to physical capital flows with
mobile human capital. This has important policy implications for development. Although
macroeconomic stability and openness to investment and trade, the mainstays of current
development policy, may promote economic growth, much more attention must be paid to
promoting technological change and to investing in the human capital that can effectively
sarry it through. At an average rate of growth of 2%, only 33 countries lagged less than 50
years behind the U.S. in 1993, while the bottom 73 countries in the World Bank data base
were more than a century behind. Perhaps the appropriate human capital and technological
policies can produce not just parallel economic growth and poverty alleviation but economic

miracles?

Our model is consistent with the empirical facts. Specifically, we shall show below in




detail that it is consistent with the dynamical features of the cross-country distribution
of income observed by Feyrer (2000). In contrast, as Feyrer notes, models constructing
development traps based on multiple equilibria in physical capital accumulation (such as
Becker, Murphy and Tamura, 1990; Galor and Weil, 1996; Becker and Barro, 1939; Murphy,
Shleifer and Vishny, 1989) or in human capital accumulation (such as Azariadis and Drazen,
1990; Benabou, 1996; Durlauf, 1993, 1996; Galor and Zeira, 1993; Galor and Tsiddon, 1997;
Tsiddon, 1992) are inconsistent with these observations.

Our model also gives an alternative explanation for the results obtained by Acemoglu,
Johnson and Robinson (2000). In their study, a mortality variable constructed for the colonial
era serves as an instrument for modern institutional indicators, explaining a substantial
proportion of modern differences in income. The authors argue that early mortality was
amongst the determinants of the characteristics of colonial states, ranging from extractive
states to “Neo-Europes” (Crosby, 1986) and that these early institutions ant their current
decendants (as measured by their regard to property rights and checks against government
power), have slowed economic growth. We would take the view that the economics of such
long-term institutional persistence, and of its effects on development, remain to be explained.
Our model yields an alternative interpretation of their results. Colonial mortality can be
expected to be correlated with the country-specific institutions determining the equilibrium
growth trajectory taken by each country, through its effects on the savings rate and on
the incentives to innovation. The long-term character of these trajectories results from the
human capital and technology dynamics we mo del. Finally, the different types of trajectories
are in turn correlated with institutional quality in possibly mutually reinforcing ways, both
then and now. Thus colonial mortality serves as a predictor of the type of long-term growth
path that each country has been on, as measured by current institutional quality, while our
model explains why relative econormic conditions at a global level have persisted since the

colonial era.




Modelling technological change as a flow of knowledge requiring the presence of human
capital is in effect an alternative to the Lucas (1988) two-sector model, that clearly distin-
guishes the dual role of human capital as knowledge for production and as specific trained
labor. Physical capital, moving more easily, will flow to where human capital is found, and
this in turn will only accumulate jointly with technological capabilities.

The remainder of this paper is organized as follows. In the first section we set up a model
of economic growth containing only human capital and technology and explain the relations
of production, how innovation takes place, and the interconnection of economies through
the transfer of ideas. In the second section we show how the scientific revolution can lead
to an increase in inequality between countries. We first assume that, as in Solow (1956),
the economy invests a fixed proportion of income. We work out the behavior of a closed
economy in which R&D first emerges, and then show that 1) there is only a finite window
of opportunity during which an identical closed economy can become an R&D innovator by
putting into place the institutions supporting science, 2) that if science appears simultane-
ously in all countries, then differences in productivity factors external to the private sector
may imply that more productive economies will join the R&D club while less productive
countries will become trapped in the implementation equilibrium. We also show under what
conditions stagnation can result instead. Next we show that these results do not depend on
the immobility of human capital. They continue to hold when human capital is mobile in
the global economty. There is a limit to the number of countries that can engage in R&D,
and the growth of one set of countries can throw another into a lower equilibrium. In the
third section we apply the model to the present day scenario. First we extend the model
to include physical capital, and show that openness will not make the convergence clubs
disappear, although it will make the attainment of higher equilibria by countries receiving

inflows of capital easier. Then we discuss the relation of this extended model, which predicts

that most of the observed differences in levels of income arise from differences in technology,




with the empirical studies mentioned above. Next we set out the full set of equations for
the world economy and discuss convergence in light of the model. Finally, we explain how
changes in the comparative productivity of implementation and R&D, as well as changes
in the threshold levels of human capital necessary for R&D, that may occur as a result of
the continual transit of the leading edge through different kinds of technologies, may lead to
modern day windows of opportunity for development, or alternatively to slowdowns span-
ning whole groups of countries. In Appendix 1 we consider Ramsey agents whose saving
behavior is given by intertemporal optimization. When households do not internalize the
gains of innovation, the basic qualitative results obtained before carry through. Appendix 2

contains all proofs.
II. Economic Growth — the Model

We begin by extending the multi-country model of Howitt (2000) to include R&D and
technological implementation. Implementation involves exploration and inquiry but is less
systematic and closer to the production process. R&D draws more heavily on scientific knowl-
edge and its institutions. Implementation uses ideas that already exist, but is less effective
at producing new knowledge. Technological transfers occur for both kinds of innovation.

We include human capital in the model, because it is a determinant of the technology of

innovation. However, for simplicity we abstract from physical capital for the present.
A. Production Relations

“onsider a single country in a world economy with m different countries. There is one
final good, produced under perfect competition by labor and a continuum of intermediate

products, according to the production function:

Ny
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where Y} is the country’s gross output at date t, L; 1s the flow of labor used in production, N;
measures the number of different intermediate products available in the world, @, (i) is the
flow output of intermediate product ¢ € [0, NVy], A; (1) is a productivity parameter attached to
the latest version of intermediate product 4, and F'(+) is a smooth, concave, constant-returns

production function. For simplicity attention is restricted to the Cobb-Douglas case:
(2) Fla,f)=0aP0P 0< B <1,

where, ¥ is a country-specific productivity factor external to the private sector.

To focus on technology transfer as the main connection between countries, assume that
there is no international trade in goods or factors. Each intermediate product is specific to
the country in which it is used and produced although, as we shall see, the idea for how to
produce it generally originates in other countries.

Assume that the population of all countries, which is identical to the labor supply, grows
at a constant rate gr. For simplicity we assume that the number of products grows as a

1 However,

result of serendipitous imitation at the world level, not deliberate innovation.
intermediate goods are introduced into production with a productivity parameter from a
randomly chosen existing product within the country. Each person has the same propensity

to imitate £ > 0. Thus the aggregate flow of new products is:

Ny = £L,.
The number of workers per product L;/N, thus converges monotonically to the constant:
(l> [ == ar, ’//5 .

Assume that this convergence has already occurred, so that Ly = {Ny for all t.
The form of the production function (1) ensures that growth in product variety does not

affect aggregate productivity. This and the fact that population growth induces product

"Howitt (1999) derives a closed-economy model with the same basic structure but in which the horizontal
innovations creating new products are motivated by the same profit-seeking objectives as vertical quality-
improving innovations.




proliferation guarantees that the model does not exhibit the sort of scale effect that Jones
(1995) argues is contradicted by postwar trends in R&D spending and productivity. That
is, a bigger population will not by itself raise the incentive to innovate by raising the size
of market that can be captured by an innovator, because each innovation is restricted to a
single intermediate product, and the number of buyers per intermediate product does not
increase with the size of population.

Final output can be used interchangeably as a consumption or capital good, or as an
input to R&D. Each intermediate product is produced using human capital, according to

the production function:
(3) @y (1) = Hy (i) /A ()

where H, (i) is the input of capital in sector i. Division by 4, (i) in (3) indicates that suc-
cessive vintages of the intermediate product are produced by increasingly (human-) capital-
intensive techniques.”

Innovations are targeted at specific intermediate products. Fach innovation creates an
improved version of the existing product, which allows the innovator to replace the in-
cumbent monopolist until the next innovation in that sector.* The incumbent monopolist
of each product operates with a price schedule given by the marginal product: p; () =
Ay (1) B (4 (3) /€)° ™ and a cost function equal to (ry + 6) A (1) Y, (i), where ry is the
rate of return of human capital and ¢ is the fixed rate of depreciation.

Since each intermediate firm’s marginal revenue and marginal cost schedules are propor-
tional to A, (1)U, and since firms differ only in their value of Ay (2) ¥, they all choose to
supply the same quantity of intermediate product: 2y = @, (¢) for all 2. Putting this common

quantity into (3), and assuming that the total demand for capital equals the given supply

2Under the Cobb-Douglas technology (2) this has no substantive implications.
3No innovations are done by incumbents because of the Arrow- or replacement-effect. (See Aghion and
Howitt, 1992).
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H,, yields:
(4) Ty (’!,) = Ty = htg,

where h, is the human capital stock per “offective worker” H,;/A:L;, and A; is the average
productivity parameter across all sectors. !
Substituting from (4) into (1) and (2) shows that output per effective worker is given by

a familiar Cobb-Douglas function of capital per effective worker:

- 3 , .
Yt/Ltflt = \I]]?f = f (.}'Lg; \l/) .
Substituting from (4) into the standard profit-maximization condition of each intermediate
firm, and using the above definition of f (), ylelds the equilibrium rate of return:

(5) ry o= Bf (hi; ¥) — 6 = 1 (hy; V)

and shows that each local monopolist will earn a flow of profits proportional to its produc-

tivity parameter A, (%), namely:
7 (§) = Ay (1) B (1= B) Uhil = A (i) m (hes W) £
B. Innovation

Innovation result from domestic research and development and from implementation that
use technological knowledge coming from all over the world. That is, at any date there is a

1

world-wide “leading-edge technology parameter:
AP = max {Ay (1) [ 1€ [0,Nge], J =1, m},

where the j subscript denotes a variable specific to country j. Each innovation in sector
i of a country at date ¢ results in a new generation of that country’s ith product, whose

5 quax
AL [- v

productivity parameter equals

{From (3), the definition of Ay and the adding-up condition, Ky = ]U]\ YAy (1) apdi = Ny Ay, Equation
(4) follows from this by the definitions of k; and (.

5Thus when sector ¢ innovates, the proportional increase in Ay (4) will depend on how long it has been
since the last innovation in sector 7. The alternative assumption, used by Aghion and Howitt (1992) and Gene
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Assume that the Poisson arrival rate ¢, of innovations in each sector is:
(/)t == /\tnt,

where A; is the productivity of innovation activities, and n, is the productivity-adjusted
quantity of final output devoted to innovation in each sector; i.e. innovation expenditure
per intermediate product, divided by AP™. The division by AP takes into account the
force of increasing complexity; as technology advances, the resource cost of further advances
increases proportionally.”

Let hy = H, /Ly A be the per capita level of human capital compared to the leading
edge technological level A}P#*, h: measures the level of human capital in comparison to the
leading edge technological level; we thus refer to it as innovation-effective human capital.

The technology of innovation is described by the function Ay = A(hy) given by

. S M 0< hy < he .
(6) >\( ) = { A %»cm < }i)}& s AL < Ayl

Above the innovation-effective human capital threshold level ii(:‘jrit, innovation occurs through
research and development. Below the threshold level 73,(7rit , innovation occurs by technological
implementation, which is less productive.

Suppose that expenditures on innovation are subsidized at the proportional rate 1 < 1.
The subsidy rate ¢ is a proxy for all distortions and policies that impinge directly on the
incentive to innovate. It can be negative, in which case the distortions and policies favoring

innovation are outweighed by those discouraging it.

M. Grossman and Helpman (1991), to the effect that the proportional increase in Ag (7) is a fixed constant,
neglects the effect of spillovers coming from innovations in other sectors on the quality of an innovation.

6Thus the model embodies the “diminishing opportunities” hypothesis of Kortum (1997). As explained
in Howitt (1999), the model is also consistent with Kortum's observation of a declining rate of patenting per
R&D scientist/engineer, because we may interpret the increase in scientists and engineers as an increase in
the (human) capital input to R&D.
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The analogue to the Bellman equations of Aghion and Howitt (1992) are:”
(7) Ty = ’l:’f, - (bt’(),g - 7Tt€.

The discount rate applied in (7) is the rate of interest plus the rate of creative destruction

¢,: the latter is the instantaneous flow probability of being displaced by an innovation. We

assume that investment in innovation can be financed from the consumption stream at the
prevailing interest rate r; given by the net return on human capital.
The usual arbitrage condition governing the level of innovation is that the net marginal

cost of innovation (1 — 1) be less than or equal the marginal effect A, /AP™ of innovation on

the arrival rate times the expected discounted value of the flow of profits that a successful |
innovator will earn. If the value of innovations is t0o low, research will not occur. Thus the

normal Kuhn Tucker conditions are:
(8) 1~ > Mg, ny > 0 (one equality must hold).

However, when analyzing dynamic paths we must also consider what happens when the

productivity-adjusted value v, rises above the net marginal cost. This will happen if a future

decrease in innovation-effective human capital h, is expected that will make R&D impossible.
To deal with this case we assume that the maximum amount of resources that can be
directed to innovation are syy;, where s; is some saving rate directed towards innovation and
ys = Y; /ALy is domestic income per offective worker. Thus the complete research arbitrage

condition can be expressed as:

ng =0 if My < 1 - ?/‘
(9) ne € [0, spye] i A =1~ o
ng = St i ANy > 1=

When an interior solution to n; exists and the technology of innovation \; remains fixed,

TThis formulation assumes that the previous incumbent is unable to re-enter once it stops producing. That
is why a successful innovator can ignore potential competition from previous innovators in the same producs.
Howitt and Aghion (1998, Appendix) show that the alternative case in which the previous incumbent is free

to reenter produces the same steady-state comparative-statics results in a related closed-economy model.
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and the Poisson arrival rate is

/\ﬂ"(’ (h;f, \I!) 14

10) ¢ = ¢ (M, hi; 0) = 1=

— 1 (hy W),
where we have used equations (L), and
0 = (s,g1,9, V)
are the country-specific parameters®. We note that the function ¢ satisfies
oy >0, 95 > 0,0, > 0.

This innovation arrival rate is invariant to the global productivity parameter A because
both the cost and the reward to innovation are proportional to AP"**. An increase in the
capital intensity A induces more innovation by raising its reward, which is proportional to
aggregate output, and diminishing returns to investment against which innovations must
compete.

In general, the Poisson rate of innovation ¢, depends on the current value of innovation

vy as follows:

0 if ANy <1
(1L) Q)f = ¢ (A—t, ]‘LL, 'l,’t) = (f) (/\l h/t) if )\,f/l,’g = ] - ’2/[)

Mesrye(he) if Moy > 1=
(where we have suppressed the country-specific parameters #). As we shall see below, the
first and third cases occur only during transitions in which the innovation technology used
by an economy changes between implementation and innovation, or when human capital is

too low for any kind of innovation to occur.
C. Productivity Growth and Human Capital Accumulation

A country’s average productivity parameter A, grows as a result of innovations, each of

which replaces the pre-existing productivity parameter Ay (i) in a sector by the worldwide

$We assume all countries share the same depreciation rate §, production kernel f, imitation rate &, and
innovation technology A(+) with elasticity 7,(-).
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leading-edge parameter A®™. The rate of increase in this average equals the flow rate of
innovation ¢, times the average increase in A, (¢) resulting from each innovation. Since

innovations are uniformly distributed across all sectors, this means:
¢ L[ Amax /
(12) f‘lt == (,’j[ (qu - ‘Llli) .

If the leading-edge parameter A were to remain unchanged then according to (12) each
country’s average productivity level would converge to A™®, as long as ¢, was positive. But
if the leading edge is increasing at the proportional rate g; at each date ¢ then a country with
a higher level of innovation will eventually have an average productivity level that is perma-
nently closer to A", because a larger fraction of its sectors will have experienced a recent
innovation embodying the leading-edge technology. In short, more innovative economies will
be more productive because their intermediate products are generally more up-to-date. It
will thus turn out that implementation steady states will have a much lower mix of produc-
tivity then R&D steady states.

Let a; = A; /AP denote the country’s average productivity and average level of human
sapital relative to the leading edge. Therefore h, = H, JAPX Ly = hyag, because hy = H, J ALy

It follows from (12), the definition of g, and (11) that:
(13) ("I,t == O ()\ (hta,,,) R h’t\ Z“t) (l - (]1) = At

Here we have incorporated the dependence of the Poisson arrival rate on the technology of
innovation, which may be implementation or R&D.
Agsume that the investment rate (H 4+ 6 H ) /Y is a constant s; below we shall consider

the case of Ramsey savers. Thus
(14) By = .S\th [b + g + O (N (heay) , he, ) (a;"L ﬁlﬂ .

Equation (14) is the usual differential equation of neoclassical growth theory, with human

instead of physical capital, except that rate of technological progress on the right hand side
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is now endogenous. Since this rate converges to the world rate g, in the long run, the steady-
state human capital intensity will therefore be identical to that of neoclassical growth theory.

We note for reference that equation (14) is eauivalent to

(15) he= sWhy ™" — [6 + gp] by
Finally, the equation for v, given by (7) and (11) is:
(16) Op =1 (hy)vg + ® (e (heay) by, ve) vy — 7 (hye) £

The three differential equations (13), (14) and (16) constitute a three-dimensional dynamical
system governing the behavior of a country’s relative productivity @y, its human capital Ay,
and the value of its innovations v;, which intervenes in determining the rate of innovation.
Together with initial values ag, ho, a transversality condition allowing no bubbles in v; (so
that the value of an innovation equals the expected value of the discounted flow of profits
deriving from it) and the trajectory of world productivity growth { Gt}e s they completely

characterize the evolution of the economy.
D. Spillovers and Growth of the World Economy

The growth rate g; of the world’s leading-edge technology parameter A"* is determined
by a spillover process that constitutes part of the mechanism of technology transfer (the other
part being the use of A" by innovators in every country). That is, the global technology
frontier expands as a result of innovations everywhere, which produce knowledge that feeds
into R&D and implementation in other sectors and in other countries.

Since population grows in all countries, so does the number of intermediate products N;.
Thus the aggregate flow of innovations in a country, Ny@, grows steadily even in a steady
state. Suppose that as the number of products grows, the marginal contribution of each

innovation to global knowledge falls proportionally, reflecting the increasingly specialized



nature of the knowledge resulting from the innovation. That is, suppose that:”

.

(5) g = AP AT =N (04/Ny) Njdye = ) 033
7=1

J=1

where the spillover coefficients o; are all non-negative.!’ It is consistent with the notion that
R&D is more systematic than implementation to assume that o is larger for R&D than for
implementation. !t

Equation (S), with the substitution ¢;, = ® (A (hja;i) , hjt, vje) , together with the three
differential equations (13), (14), (16) for each country (and the corresponding initial and
transversality conditions), constitute a 3m + 1 dimensional dynamical system governing the
world economy. Some fairly complex behavior may arise, especially in cases when transitions
between the two innovation technologies occur. Thus we shall concentrate on the particular
cases that best illustrate the main qualitative properties arising from this model of world
growth. The subsection on world growth and convergence below writes down a simpler form

of the system that holds near a steady state.

III. Emergence of Inequality with the Scientific Revo-
lution

The emergence of modern economic growth during the industrial revolution is closely
associated with the emergence of the scientific way of thought. A new perspective of nature,
founded on the scientific achievements of a new set of cultural and social institutions, sus-

taining ever deeper advances of knowledge, brought about a new era of technological change.

9The marginal contribution (0;/N;¢) has been deflated by the number of products in that country, rather
than by the number in the world, in order to avoid a technical problem common to all models of technology
transfer with convergence. That is, deflating by the number in the world would lead to a degenerate steady
state in which the only country with a measurable effect on world technology is the one with the fastest
population growth, since the fraction of world R&D performed in that country will approach unity in the
very long run. Thus the present model’s steady state depicts a medium-long run in which no country’s
population growth has yet overwhelmed the rest of the world.

10 Equation (S) implies that increasing the number of countries would increase the world growth rate. This
prediction depends critically however on the simplifying assumption discussed in footnote 9. Even if we were
to relax this assumption the world growth rate would not be affected by the size of world population.

UKortum (1997, esp. pp.1400-1) provides an alternative derivation of the relationship between R&D
intensity and productivity growth, which is not consistent with the proportional form of (S).
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For our purposes, we shall suppose that until then productivity advances were based on a
pragmatic creativity occurring close to the production process, with innovation productivity
A1. Thereafter R&D, an alternative technology for innovation emerged, intimately linked
with the scientific revolution and its institutions, with innovation productivity Ay > Ay
To be viable, however, the new technology requires the presence of a minimum threshold
level f‘},c;,.it; of innovation-effective human capital. In its absence, R&D yielding leading-edge
technological innovation is impossible, although the original process of pragmatic creativity
remains. In the presence of scientific knowledge and advanced technologies this pragmatic
process of innovation now takes on the character of technological implementation.

In the following sub-sections we first expain what happens when R&D emerges in a single
closed economy. Then we show that there is only a finite window of opportunity in which
the cultural and social institutions supporting R&D can emerge if R&D is to be viable,

independently of the mobility of human capital.
A. Emergence of R&D in a Closed Economy

Our first aim is to establish the trajectory followed by a closed economy when the pos-
sibility of R&D emerges. For simplicity we shall assume that no technological spillovers are

received from abroad. Thus we shall suppose that, as in Aghion and Howitt (1998, ch.3):
g = A?““ JAPY = o ® (A (hear)  hey o)

The equation for technological change now takes the form
ar = O (A (hgag)  hey o) (L= (1 +0) ay)

Let us first obtain the steady state when only a single innovation technology with produc-
tivity A is available. This will establish the nature of the equilibrium before the appearance

of R&D. We shall need two technical assumptions. The first is that the saving rate is not so




high that the interest rate will not be positive.'* Since we are not very interested in the dy-
namics of adjustment when R&D is expected to become impossible, the second assumption
is that s; > ‘—3%1:—525, which simplifies the phase diagram.

Proposition 1 Single innovation technology. Assume that some innovation takes place in
steady-state (that is, ¢ (X, h*) > 0 according to the definitions below). Then a; will tend to
the steady state level a* = (1+ o)™ An increasing function v(h) exists, with v(h) = -1%5/1
for h greater than hys, (defined by ¢ (X, hy) = 0), quang the initial value of v for any
inatial value of h. Human capital will converge to a value h = h*, and during the equilibrium
trajectory v = v(h). The steady-state values satisfy

! 1A o]
(17) h* w S\D ’q,}* s L_»"..Z/i

Per-capita income y depends positively on the investment rate s, the productivity A\ of its
innovation technology, its RED subsidy rate 1, and its fived productivity factor ¥. Figure 1

shows the solution trajectories and steady state E.

neoclassical expression. For the proof of Proposition 1 see section 2.1 of Appendix 2.

We now examine what happens when, once steady state has been reached, a new technol-
ogy of innovation with productivity As > Ay (R&D) becomes available. The path followed
by the economy will depend on the relation of the steady state values h* (A1) > h* (\g) with
the critical value

h Crit

]2,(~wr-. IR e
“Lmt s
a*

of human capital that is necessary for R&D to be possible.
It turns out that there exist some chattering equilibria in which innovation-effective

human capital alternates above and below the critical value Ac,y. In the chat tering equilibria,

- ; K - e . N .
2Since steady-state values of h are all smaller than [$/(8+ gr)] 77 | the steady-state value without growth,

.y

which the interest rate is positive. Thus, we need s < f*W(1 + &L,
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when R&D takes place technology advances too quickly and human capital too slowly for
further R&D to be possible. A period without technological advance must occur for enough
additional human capital to accumulate to reach the research threshold again.'® To give a
clear economic meaning to the continuous version of chattering equilibria, we shall suppose
that, on any trajectory, R&D will become feasible only if A exceeds hey; + €1, while, if it is
already feasible, it will cease to be so only if & diminishes below Ay — £y, where g1, &9 > 0.
We define solutions to be the limits of solutions trajectories as ey, ey — 0, which exist in
every case.

We shall say that an steady state is unstable to competition if individual intermediate
goods firms acting according to alternative expectations for the value of innovation, that are
consistent with an alternative steady state, will increase the rate of creative destruction and
make the first steady state disappear. This concept of stability is enough for there to be

unique equilibria.

Proposition 2 Emergence of RED. Suppose that at t = 0 the human capital and techno-
logical levels of a closed economy are at the steady state Ey with innovation productivity Ay,
and that at this time research and development becomes possible. The following cases can
0cCur:

1) h* (M) < hen. The economy remains in the same, unique, implementation steady
state.

2) h*(A2) < hewy < B (A1) (see Figure 2). The rate of human capital accumulation
is too low to sustain permanent RED. A unique chattering steady state Ecya 18 reached in

finite time. h descends monotonically to the steady state value hewy, at which the value of

mnovations lies between %—}1 and I_\} The economy alternates between doing mazimal RED

, . N ! . . o g -1 . )
and doing none. The steady state rate of growth is given by g = sUhi — & — gp.

&) here < h*(Xg) (see Figure 3). There exists a chattering steady state in which research

YThis type of equilibrium is not a pecularity of the linear returns to innovation expenditure that we use
in the model. It also exists in the case when the returns to R&D are decreasing in n.
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occurs only part of the time. However, it is unstable to the competition of a standard equilib-
rium Erep in which research occurs all of the time and innovations has a lower value 5;\331
This is the unique stable steady state. Effective human capital h descends monotonically to

h* (\y). The growth rate g, first rises immediately from the initial
g =g (M) = 00 (A, h* () = sUh" (M) =6 —gp

to o¢ (Mg, h* (M), then descends monotonically to g = grep = g(A2) > go. Figure 4 shows
the trajectory of the growth rates for cases 2 and 3.

For the proof see section 2.2 of Appendix 2.

We call case 3 above, when the critical value heyy of human capital required for R&D is
sufficiently low for a standard steady state to be possible, the fully feasible case. When the
possibility of R&D appears, what factors help R&D to be feasible? What is needed is for
the steady state value h* (A\s) to be as large as possible. The equation for h™ is the following:

Qi@féjiﬂ WP o A2 (1 — P he — 3 =5
(1 1)

U
Countries with a slower population growth gy, higher saving rate s, and higher hroductivity
POJ 24 ygr, : g )

factor W will have a higher steady state value h* which is thus more likely to be above Ryt -
On the other hand, although a higher subsidy rate ¥ increases the growth rate, it decreases
the steady state value h* and might make the R&D steady state infeasible. Countries with
better institutions supporting the production of scientific knowledge on which R&D is based
might also diminish the critical level ;i;(;,.gt of research-effective human capital required for
R&D as perceived by private intermediate goods firms, and thus make R&D more likely.

If the possibility of R&D appears simultaneously for many countries, these country-
specific factors may determine which countries move to the R&D steady state and which
remain in the implementation steady state or in stagnation. From not too different initial
conditions, economies would evolve to equilibria with significantly different human capital,

technology and income levels, as we shall next examine. We shall also see that the emergence
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of R&D in several countries simultaneously is less likely, since the corresponding increase in
world growth diminishes innovation-effective human capital &, making R&D less likely to be

feasible.
B. Window of Opportunity for Lagging Economies

We have seen that when the possibility of R&D emerges, it will be feasible in a closed
economy so long as the implied new steady state value of effective human capital is suffi-
ciently high. We examine what happens in other economies when R&D emerges in some
leading economy. We show that, even in the case of economies with identical parameters,
if an implementation and an R&D steady state exist, then there is only a finite period of
time —a window of opportunity— for the lagging country to set up the institutions support-
ing scientific knowledge and enabling R&D. After this period of time, the depreciation of
innovation-effective human capital induced by the technological advance of the leading coun-
try will trap the lagging country in the implementation steady state. We shall also discuss
the impact of country-specific parameters, which may lead countries with somewhat different
initial conditions to different equilibria even when R&D appears everywhere simultaneously.

Although it may be more natural to think that human capital is immobile, the results
do not depend on this, so we consider both cases.

B.1 Immobile human capital

Suppose that at ¢ = 0 the human capital and technological levels of all economies are
some steady state £y = (a*(go), h*(go)) with growth rate gy given by pre-scientific innovation
productivity A;. At this time, suppose that R&D becomes fully feasible in a single economy,
which becomes the leading economy, and that after the arrival of R&D every other country’s
technological spillover is negligible, so that the growth rate g, is determined only by the

leading economy, following a trajectory such as that depicted in Figure 4 tending to the

Erep steady state.




For economies not significantly affecting the rate of world growth, the system of equations
(13), (14) and (16) take a simpler form for trajectories (including stationary trajectories)

that keep throughout to either implementation or to R&D. In this case v takes one of the

constant values L;%’, 1/{% and we obtain a system with only two equations,
(lg) (,ult == (/f)%} ()\ (}Zt(lzt) y h;t> (l - (lt) = QA Jty
(19) hy = sUhY — [6+ g1 + ¢y (A (leae)  he) (a7t = 1)] Iy

where . = max{z,0} for any number z. Write
h* (g) == [S\If/ (5 4 ar, -+ g)]l/(lwﬁ)

for the steady state value of h when the leading edge technology Af® grows at rate g.

Proposition 3 Window of Opportunity with Immobile Human Capital. Consider a lagging
economy with parameters identical to the leading economy (so that an RED steady state
exists), and suppose that (possibly after some time has ellapsed) h*(g:) > han, S0 that the
implementation steady state exists. The phase diagram for the human capital and technology
dynamics is given in Figure 5, if we interpret Eyy, and Ergp as moving equilibria which
depend on g; and which first overshoot a final value given by g = gren. Immediately that
growth increases in the leading country, the implementation equilibrium given by innovation
productivity Ay moves to Eng,, with lower equilibrium levels h* (9¢) and awy,(ge) for h and
a. So long as the institutions supporting RED are not put into place in the lagging economy,
it will follow a trajectory leading from Ey to Ely,. Once RED becomes possible, the steady
state Erep appears, at a higher level of technology ahen > a*(go) and at the same level
h*(g;) of h. If this happens at t = 0, the lagging economy’s path will be identical to the
leading economy’s, and it will converge to Engp. Thus Ey lies in the region where RED is
possible, to the right of the curve ha = hewt. If instead RED only appears after the lagging

economy’s innovation-effective human capital h has descended below the threshold level hexi,
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it will continue along its path to Ey,. Thus there is only a finite time period during which
if the institutions supporting RED are put into place then the lagging economy will converge
to the R&D steady state Frep-

If instead h*(g:) < hyin, the same results hold, withEvyy,, replaced by Esiay, as depicted

in Figure 6.

For the details leading to Figures 5 and 6 see section 2.3 of Appendix 2. Note that
we have assumed h*(go) > hatin, 0 that the in the original steady state there is innovation
through pragmatic creativity. Economies with different parameters stagnating in this regime
will satisfy h*(go) < hmin, and therefore h*(g;) < hygin, which implies that they will continue
to stagnate after the emergence of R&D in the leading economy.

We mentioned above that if the possibility of R&D appears everywhere simultaneously,
then economies with somewhat lower initial conditions might not converge to Ergp. What
is required is that their initial conditions lie in the basin of attraction of Ey,,, as can be
seen from Figures 5 and 6. If the simultaneous emergence of R&D in several economies were
to affect the growth rate, this would have to be taken into account. For example, if the
joint technological growth overwhelms the joint capacity to form innovation-effective human
capital, a chattering steady state may emerge or some countries might cease to do R&D.
It is also clear that the country parameters 8 will be determinants of the duration of the
window of opportunity for lagging countries. Finally, countries whose innovation-effective
human capital is initially close to the threshold level heg will find themselves below this
level once leading countries commence R&D.

Note that if hyg, (M) < h*(g) the only equilibria are the implementation and R&D
equilibria, at least one of which must exist. There is only an implementation steady state
if fiﬁ&{) (9) < hesis, and only an R&D steady state if fi{‘lnp(g) > hee. On the other hand,
economies for which implementation is not attractive at the steady state level of human

capital, so that Ay, (M) = h*(g), (Le.g(A, h*(g)) < 0), will be incapable of implementation
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and will stagnate, tending to a stationary state with 0 technological and economic growth.

The condition for stagnation is:

- oy B
) . 1/(1 ,d) ~ I
[sU/ (6 + g1, + g)] SNA-8E

Increases in world economic growth, for example arising through the introduction of R&D,
may throw countries with a combination of low saving rates, high population growth, low
productivity factors, and low innovation subsidies into stagnation. A less strict interpretation
of the model implies growth to be limited to what is attainable by the adoption of technologies
whose implementation is almost costless.
B.2 Mobile human capital

Instead of equation (14), we now have an equation for global human capital accu-
mulation, and conditions for the global equalization of the returns to human capital. Let

Hy = 3" Hj be the global stock of human capital. Then

j=1
H, = Z (;, AL THG L - mﬂ) ,
=1

re= B°0R0 T — 6

Let L; represent the initial levels of population as a proportion of world population. At any

given time, for countries j and g,

ff]ﬁ - Aﬂthhﬁ N (Z;f[J]\I’
'Hqt ‘4‘@' th h’qi

- . i“: =3
(thqu\pq g

(Zji;Lj\llj
e
2 g1 Gqt Lt

Now let L; be the world population and detine i;t = H; /AP L, to find

(20) Hj =

. a0
(2]-> h*j p == it¥j

m. e
2 g1 Oqrlg 2
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and, using (15),

1
mooL T 1B
m Y e Siagel ¥ .

These two equations replace (14) in the system of equations.
For simplicity we consider the case of m identical countries, with ¥, = 1, and suppose
that the spillover from implementation is zero. Then equations (21), (22) and (S) can be

written as

“_1« m
o Qg ot

N T 1““'}3
he=s| =S W8 (St 4o
== 9 mzaﬂ hi — (0 + g1+ g¢) e
J:_l
and
m
g =3 01 (\e) 6 (\gr, hye)
g=1

where I (A) = 0, I(\y) = 1. Before the advent of R&D at ¢ = 0, we assume that all
intermediate goods are produced using the leading edge technology, so aj; = 1. Also, we
assume 775 converges to h*(0), and hjy == 730 = h*(0). Suppose that the institutions supporting
R&D come into place simultaneously in countries 1,...,my, where my < m, and that R&D
is simultaneously feasible in all of them. Observe that hj; will be identical, so we drop the
7, while aj, will differ. Let afP, aP™ stand for the technological levels a;; of the countries

doing R&D and the remaining countries respectively. The differential equations for a,**P

and aP™er are

(23) G = (g, b)) (1~ (1 + omy) alP),

(24) &g)t}»m‘ - (/5__% ( )\1’ h’t) (1 . CL?HH!I‘) — omy @( )\2’ ht) aé)thor_
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Since R&D is fully feasible in countries 1, ...,m;, we are in effect assuming that ¢(As, hy) > 0

throughout the solution trajectory. It follows that hatin(A2) < A*(0). The remaining equations

are:
T 1 R&D M1y Othery1-878 3
hy== s ¢ | RE— lz* S+ gr + gi) by
t ( e ( m Jay ) ( gL + Gt)
, M1 R&D 4 Ty Othery—17
hy = (—a;"" + (1 - — Nk
v={ m ( m Jai ™)

Proposition 4 Window of Opportunity with Mobile Human Capital. Assume that RED is

fully feasible for my countries, so that ¢(Az, hy) remains positive, and suppose that none of

the lagging countries sets up the institutions supporting RED. al'*Y converges monotonically

to
25) g L

) L+ omy’
and h* converges to the solution of
26 B ’
I's 7’* - - »
(26) [(é + gr + omyd(Ag, b))

Hence the number of countries my for which RE&D is fully feasible is bounded above by the

condition

A

l g 13 ~
7 . ‘ > hesie.
(27) 14 omy {(é + g1, + omy¢(Aa, h*))} = o
If ¢(A,h*) >0, the lagging economies will reach an implementation steady state with

9% Other* -
(28) a = EYWOR

L4 omi 55255

If h*a®™he™ < hog, at that point even if the lagging economies set up the institutions support-

ing RED, they will remain in the implementation equilibrium. Hence during their trajectory

to the implementation steady state, there is only a finite period of time in which RED can be
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feasible. If instead ¢(A;,h*) < 0, the lagging economies will eventually stagnate and a

Other
will tend to zero. The larger the number my of countries doing RED, the more likely this is.

For the proof of existence of a unique stable steady state for the system of equations in
alD qOther b see section 2.4 of Appendix 2. The trajectories would be monotonic, except
for the influence that the initial overshooting of g; may have. Figure 7 gives a diagram for
the moving equilibria of the dynamical system before and after small countries with mobile
human capital have set up the institutions supporting R&D. ‘Small” means that by is assumed

exogenous, and that any impact on g¢ can be neglected. Their relative technological level a;

satisfies the equation
ay = ¢, (M, he) (1 = ar) — omy (g, he)ay

s0 long as the institutions supporting R&D are not in place. If they are put into place, Ay is

replaced by A(hia;), taking the value Ay if a; < acne = hori Jhy and Ay if ap > acui

IV. The Modern Scenario

We have described how the model explains the emergence of inequality with the scientific
revolution. We now shift our attention to the dynamics that can occur in the present day.
To do so we first extend the model to include physical capital. This allows us to show that
the multiplicity of steady states remains, although economies receiving an influx of physical
capital will achieve higher steady states. It also allows us to discuss the relation of the
model with the recent empirical literature. We then derive a multi-country model near the
steady state and discuss the relation of the model to convergence. Finally we discuss how the

model explains periods of miracle growth and economic slowdowns that grip whole groups

of countries simultaneously.




A. Physical Capital: Closed and Open Economies

We extend the model by introducing physical capital to show that the basic pattern
of multiple steady states remains unaltered for economies closed and open to the flow of
physical capital. However, open economies receiving an influx of capital raise the level of
their productivity and in effect their savings rate, so that when such an economy opens it ig
possible that it may shift steady state. Of course, if this opportunity works for one group
of countries and raises the level of world growth, this may make it more difficult for other
countries with parameters less conductive to growth.

We introduce physical capital as a factor of production of the intermediate >00d,
| 228) , ] :
o (3N e T (R Ry .
@y (1) = Ky (1)" Hy (1) 7" JA; (),

and redefine

Fla, ) = U008 0 < a8, a+ 8 <1,
where
» (93
Ca+ 8

Optimization of capital resources by the intermediate good producers implies

(7‘ Kt ) K) (1 - L‘ K) . kH [

(7 i | o H) (l - L‘H) (1 - /‘n) [{»[,, '

where rgy, ray, are the returns to physical and human capital, 8x, 85, their respective rate

of depreciation, 1y, 1y are subsidies to the use of physical and human capital and K, aggre-

. .. oy ) s {9 ge @ \’wlML] N (g b6 jln(l ‘‘‘‘‘ . )IWN } . o
gate physical capital. The cost function is now &=L “:Z (i__’i\ﬁfi S Ay (1) 2y ()
Following the same arguments as before,

TS By

Ty (Z) =Ty = Ry h‘t (:,

where k; is the capital stock per “effective worker” K;/A;L;. Now

'}"}/Lt/h = \Pk&hf = f (kt» hta \Ij) 3
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‘ o+ ) folke, hey W . (@ + 3) fulks, hyy W .
(29) - ( ﬂ1) Jelke, h; W) Sty = G ) Su(ke hey U) Sir.
L=y L=y

and

Let us assume now that the joint investment rate in human and physical capital is a
constant proportion of domestic income s. In the case of a closed economy, let us assume

that the rates of return to physical and human capital are in equilibrium, so that
TRt = THt-

In other words, any initial imbalance of physical or human capital has been redressed by
exclusive investment in the scarce capital resource. For simplicity we shall suppose that
the rates of depreciation of physical and human capital are equal, g = dx = 6. (An
alternative simplification would be to suppose that f represents a net production function

and éy = dx = 0.) Then
(30) “? = i}mm,mmw,;;;;;L.,.._
Now, as in (14),

ky = i sUkER] — [6 4 gp, + o by,

» . ey O .o _
hy = igsWkFhy — [6 + gp + ) he,

where i, iy represent the proportions of saving dedicated to physical and human capital

investment. Since %’f remains constant,

in
e = A
K A; t &) (1 -yl ].1)

i i_([ — g )

and therefore we get equation (14) with 7 replaced by « + 3 and s replaced by

0" (1) B (1)1
(1= g B g)

s. In equation (10) defining ¢, » and 7 are replaced by

P : e (1= N )
TK (hf, \lj) == ((}3 -+ d) fk(%"%f*‘:—g;f% h»t, hz,? \11) -0
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and

m(hy W) = (@ + ) (1 —a— 3) f(Hht,ht; ).

In the case of the open economy, let us suppose that the world interest rate is r. Physical

capital flows until 7y = r, so, from (29),

(a+ )« 5] T
O (- i)

]{?f; =

Hence, (29) implies

_— 1 I s S
ey o oL AT A e
P+ § = ‘ ,d(f/, 1<_mm((1- -+ 3) ) w_] by ‘ .
(040 (1= ) ™% (1~ )

So long as ryy > r, all domestic investment is dedicated to human capital. Any physical
capital stocks are allowed to depreciate or transferred to human capital as fast as possible.
If ¢ < r, human capital per effective worker stabilizes at its steady-state value. If rpy; <
r, human capital stocks are allowed to depreciate until equilibrium is reached. Thus the

differential equation for A is

hy = sU { (a+ 0) « } e

e : f‘““ S+ qgr + a h
T+ (1= 05) o

so long as h < hopen, the equilibrium level

8% (o + 3)
(r+86)%(1~ 'z,-:i’;\r) (1= ty)’

h’(?pmn = [
and for b > hopen
hy = — [0+ g1, + @]

The following are the most relevant cases. The dynamics are similar to those of the model
without physical capital, with 4* replaced by hopen. In equation (10) defining ¢, 5 is replaced

by ,JL < a+ 3, and 7 by

(o + 3) x e i
. —y — Wh, .
7(hy; W) = (a+ 0) (1 —a~F) [(r =), h
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Proposition 5 Capital Flows and Club Membership. Consider a small closed economy that
opens itself to capital flows. If this implies that it receives a flow of physical capital, then in
effect its savings rate and the profit rate of innovation increase, the interest rate decreases,
and its level of human capital rises as existing capital stocks are transferred into human
capital. Each of these, some of which may increase eritically with physical or human capital
subsidies, imply higher technological steady state levels and the possibility of shifting to o

higher steady state. The opposite results hold when openning the economy leads to a net

capital outflow.

For the proof of Proposition & see section 2.5 of Appendix 2.

For the full system of equations for economies open to the flow of physical capital, 1t

remains to write down the global capital accumulation equation.
B. Decomposition of Cross-Country Income Inequality

We have shown that the emergence of R&D can explain the emergence of inequality.

Clountries whose levels of income originally differed only through the effects of fixed produc-
tivity factors, population growth, the saving rate and subsidy rates to innovation, will now
find themselves on economic-growth paths converging to different equilibria with different
technological and human capital levels. Here we give a decomposition on the contributions
of these separate factors to income inequality.

In the extended model including physical capital
o g Alea=B a8 lea—f
Y, = WA, UKTH Ly o

In fact, the final production function F could also include physical and human capital as
inputs, and Y; would still take this form. Only the expressions for rx; and ray would differ,
with o + 3 replaced by the market power of the innovators.

To eliminate the problem of induced physical capital accumulation, recent empirical

studies (e.g. Hall and Jones, 1999; Klenow and Rodriguez-Clare, 1997 ) consider the trans-
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formation

[+ 8
Y; oy e SN\ Tea SHL\ Toa
31 — = PUTea 4, 17 [ = — .
(31) Ly T < Y, > (L,, )

Our model implies that k, = K;/A;L; and h; = H,/A,L, tend to steady state values which

only depend on country-specific factors 8. In reference to these equilibria,

E [5 KL kt Ty l—yy 3
— = hyAy and —F = L = Plglmop
Ly el an Y, Yt e

The term H;/L; will depend on fixed factors 6 and on technology, while the term K, /Y, will
only depend on fixed factors ¥ and 6.

We now discuss the relation of our model with Feyrer’s (2000) empirical results. We first
assume that weighted schooling (derived from microeconomic Mincerian wage estimates),
which is Feyrer’s measurement of human capital, coincides with our theoretical concept of
human capital, and then discuss the problems that this assumption has. Feyrer finds that
the distribution of productivity residuals (attempting to measure Aj) is increasingly twin-
peaked. This coincides with the prediction of our model, according to which the distribution

of per-capita income

Y, Ny oy
ﬁmW&MM

depends mainly on technological differences, which can converge to multiple equilibria, and
to values \Ifk?hf which depend only on country-specific fixed factors 8. Next, Feyrer finds
that the distribution of the capital to output ratio K;/Y; has a single-peaked distribution.
according to our model that would mean that the function U1k} ~h;? of @ has a single-
peaked distribution, which is not unreasonable, since it is consistent with the idea that
country-specific parameters are drawn from a common pool of possibilities. Finally, Feyrer
finds that the distribution of human capital H;/L; = hyA; is rather flat. This is consistent

with our model, according to which H,/L; is the multiplication of a single- and a twin-peaked

distribution.




Feyrer also has some dynamic results for the period 1970-1989. He shows that it is
mainly human capital, rather than physical capital, as in our model, that is associated
with movements in relative productivity. When human capital is in the middle quartiles,
productivity tends to remain unchanged, consistently with the presence of stable convergence
clubs. When human capital is high, large increases of productivity are possible when relative
productivity is already high, and when it is low, low relative productivity tends to fall
even further. This is consistent with the model in a period in which 1) countries with
high productivity and high human capital achieve new levels of growth that 2) countries
at implementation equilibria cannot yet implement, and that 3) throws countries in low
equilibria with low human capital into stagnation. Feyrer also shows that closed countries
are more prone to stagnation, while open countries can more readily achieve growth in this
period. This is also consistent with our model, as was shown in the previous section.

Let us return now to the question of whether weighted schooling is an appropriate mea-
sures of human capital. The problem is that schooling does not take sufficient account of
quality and therefore, measured as it is in years, does not give a full account of the accu-
mulation of human capital. This may introduce distortions in the technology residuals and
implies that better measures of human capital would be more twin peaked.

An alternative specification to (31), which may be useful in empirical studies, is

(32) LA &

In this case

{_{f - {?_i T Ik;--ah.tl»ﬂ
Yy Yt

also depends only on fixed factors, and the only dependence on technology is through A. This

eliminates the problem of human capital accumulation induced by technological change.
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C. World Growth and Convergence

Near its steady states the multi-country model simplifies to a 2m-~dimensional system
whose convergence properties can be discussed. Let us consider the world economy again in
the case with no physical capital when each country is near some steady state equilibrium
either above or below A e, SO that a change of innovation regime will not occur. Then the
value v of innovations is constant at each steady state. Substituting the global spillover

equation (S) into equations (13) and (14) for each country we obtain a 2m-dimensional

system:
M
(33) i = 0y (X)) (1= aze) = ap Y040, (Xg); 7 =1,..,m,
q=1
(34) hjt = s;¥ jhﬁ — 6+ gr;+ 0, (Xj)lay ' = D] by j=1,....,m.
where

Xje = (hje, Ade(hjease); 05)

A steady state for the world economy is a rest point of this system. As in Howitt (2000), which
contains further discussion on this system of equations including a proof of its local stability
(that carries over under the present assumptions, replacing physical with human capital),
any change in the country-specific parameters, such as investment rate s;, productivity of
innovation \;, subsidy rate 1; and spillover rates o; that would raise the growth rate in that
economy if it were closed will have a (possibly small) positive effect on the world growth rate
when the economy is part of a global system with technology transfer.

For small economies whose influence on g; is negligible, the linearization about the steady
state yields a system with two negative eigenvalues between (1~ 3)(6+gr; + ¢, (X, Yapt ~
1)), the rate of convergence due to the decreasing returns to human capital, and ¢_. (X‘;,) + gt,
the rate of convergence due to the decreasing returns to innovation with increased technolog-

ical levels (see Howitt, 2000, for the proof of a similar statement). The rate of convergence
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to the steady state is bounded below by the smaller of these two rates. Thus convergence
is slower than predicted when the technological process is not endogenized. Convergence
due solely to capital accumulation is probably faster than what is observed in cross-country
studies. Episodes of miracle growth, when capital accumulation rather than technological
change presents the larger, but less stringent, barrier to growth, are also evidence for this. It
is clear that R&D, implementation and stagnation convergence clubs will have different rates
of convergence. A model with convergence clubs is incompatible with absolute convergence.
However, it need not be incompatible with relative convergence and sigma convergence (re-
duction in the dispersion of incomes), because these are weak concepts. Even when several
fundamentally different attractors exist, trajectories may on average still approximate spe-
cific steady states. Relative or sigma convergence only implies that some, possibly several
and unknown, equilibrium tendencies are at work. On the other hand, the model clearly

predicts that economies with the same parameters need not converge to the same paths.
D. Present Day Windows of Opportunity

The history of the industrialization and development of several countries, amongst them
Holland, Denmark, Norway, Italy, Japan, Korea, Singapore, Ireland, and recently China, is
characterized by periods of high, sustained growth sometimes called miracle growth. Other
countries, including Argentina, India, Nigeria, Brasil and Mexico have experienced periods of
sustained economic growth and then failed to reach the status of full development (see Ugo
Pipitone, 1995 for a comparative historical discussion of the first five and last four cases,
who also notes that miracle growth rates have tended to increase through time). These
different phenomena can be explained as windows of opportunity that open up and then
close down at various times as a result of changes in the difficulty of R&D and technological
implementation.

The leading edge technological level A™ represents a mix of technologies. During the




history of technological growth there has been a sequence of dominant and/or general pur-
pose technologies, such as the steam engine, electricity, trains, automobiles, telecommunica-
tion, plastics, chemical technologies, information, etc. These have different, characteristic,
R&D and implementation productivities, a full represent ation of which could take the form
Ai(hy, A=), the product ivity of resources dedicated to obtain an innovation at the leading
edge A when at a human capital level hy. We have taken the view that \; take the ho-

mothetic form A;(he/ AR for simplicity and because this leads to steady states in which

human capital and technology grow proportionally. What matters to us now is that for
different technological episodes the relation between the productivity of implementation and

R&D might be different. Thus, we consider pairs of functions ); (describing R&D and

implementation) of the form

. N1 Amax - Amax
My = { ) AT AD =2 ,
VT AR(hy) AP > AR

Analogous changes in the level heye could also occur. What this means is that once the
leading edge AP reaches Apax - the productivity of innovation changes unexpectedly. It

implementation becomes relatively easier, a window of opportunity for transition to the

higher equilibrium may open. Countries with better scientific institutions and parameters
for growth will be the first to take advantage of such an opportunity. To the extent that
they increase the world growth rate g; (of Amax) - the window of opportunity may close for
other countries as in the previous case. During the transition to the higher equilibrium,
technological innovation will change from implementation to R&D, a well-known pattern
in the case of, for example, the Asian growth miracles. Bloom and Williamson (1998)
show how growth in these countries coincided with a demographic window of opportunity in
which a lower dependency ratio increased the saving rate. This provides a reason why these
countries had a higher parameter s, a contributing factor, according to our explanation, to
the openning of a technological window of opportunity. Our model thus provides a reason

why not all countries reaching the demographic window of opportunity will develop: the
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demographic window might not coincide with the technological window of opportunity. The
exhaustion of the easy part of a new technology may close a transition window that may
have been open, by shifting the threshold levels necessary for R&D (See Figure 8 for an
illustration of the points of this paragraph).

Similarly, the advent of a new technology for which implementation is more difficult may
push some countries into stagnation, by making implementation unprofitable (Figure 9).

Technologies requiring for their implementation a higher level of human capital for a larger
proportion of the population in effect require a higher threshold level of human capital. These
therefore fall in the same class as technologies for which implementation is more difficult,
throwing some countries into a lower equilibrium or retaining them in the implementation
equilibrium.

Although a theory based on the competition of ideas is enough to explain that miracles
in some countries can diminish the opportunity for miracles in others, including trade in
the goods which are the subject of technological advance probably strengthens this effect,
because innovation and production in the technologies that more prepared countries are using
to take advantage of a window of opportunity may discourage it in less prepared countries.

According to our model, the emergence of Asia, together with the arrival of the general
purpose information technologies, are contributing factors to the lost decades of growth in
Latin America, and its consequent permanence in implementation, and for stagnation in

Africa.

V. Conclusions

We model human capital and technological dynamics when innovation can take the form
of R&D or of technological implementation. This dichotomy, kept alive by the ever larger
threshold of human capital necessary for R&D, gives rise to long-term convergence clubs,

each characterized by R&D, implementation or stagnation. Applied to the origin of modern
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economic growth in the scientific revolution, the model explains the concomitant emergence
of large income inequalities between countries. Once R&D takes off, the creative destruction
of innovation-effective human capital in laggard or low-performing countries implies that
they only had a finite window of opportunity for the scientific institutional supporting R&D
to evolve and come into place, if they were to join the leading countries in development. The
convergence clubs and windows of opportunity exist even if economies are open to physical
capital flows and human capital is mobile, although these may make the thresholds easier to
attain.

The model is consistent with a highly demanding set of facts pertaining to the current
distribution of income and factors of production among countries. It also is consistent with
the persistence of relative economic conditions since the colonial era. It explains why eco-
nomic miracles are possible in modern-day windows of opportunity for development and also
why whole sets of countries may be simultaneously afflicted with prolonged periods of slow
economic growth when technological implementation becomes more difficult. Finally, it is
also consistent with the evidence for relative convergence —a rather weak concept, as com-
patibility with this model shows—— but not with absolute convergence, nor with convergence
conditional on identical country-specific parameters.

Economic policy intending growth must lay more stress on technological change and
human capital. Facilitating technological implementation, opening knowledge flows, fos-
tering knowledge institutions and promoting human capital investment, are key factors for
increasing productivity. Once good rates of technological implementation are achieved, well-
targeted policies may make it easier to identify and overcome specific thresholds holding up

technological change, so as to dissipate low-technology traps.
Appendix 1. Ramsey Savers

Taking account of the intertemporal optimization involved in human capital invest-
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ments adds another dimension to the problem. The dynamics are more complex, especially
when there is a transition from one innovation technology to the other. Here we treat only
ases in which such a transition does not occur. So long as households do not internalize
the gains associated with innovation, as is the case when the intermediate goods firms are
separate from the households, the qualitative results obtained above are maintained.

Let C} be aggregate consumption and define ¢, = C}/ L, consumption per capita. Maxi-

mization of the utility functional

OO
/ w (G) exp(—(p ~ gp)t)dt,

Jo
with u (¢) = il{»%{—] yields, once we define ¢; = Cy/ A Ly,
; ¢ rhg)—p o
(35) & _ _WL.:.;LWL — by e (hean) he) (a5 — 1)
& U )

Once consumption and expenditure on innovation are taken into account, differential equa-

tion (14) for h becomes

(36) hy = \I!h,f — ¢ —ny/ (ay) — [5 + g1+ ¢ (A (heay) , ) (a..[i - ilﬂ hy.
with

G (M (hear) y ha)
/\!5 (]'Lt(flyt) )

T ==

When technological transitions occur, ¢, must be replaced by the function ® involving v
used above. Also, additional profits from innovation adding to income may occur when there

is a difference between the costs 1 — ¢ and benefits A\jvy of expenditure n; on innovation.
A. Emergence of R&D in a Closed Economy

Let us first consider the case of a closed economy. As before, we assume that a; has

(b () - p

Cr‘ll,

= (‘T(/)+ (,)\,i, h’;i (/\J) ,’1: === 1., 2,
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which give the steady state values for h, and let
9Rr (/\z) =0, (/\17’ hi;?, (Az>) y0=1,2

be the corresponding ‘Ramsey’ growth rates. gg (\;) will be zero if innovation is not viable
at the steady state level of h;. Asswme that prior to the emergence of R&D the economy
is at steady state Fy with hy = A} (A1) and cf (M) following from equation (36). Let
hoe = (1+0) hegi as before, and suppose that gp (Az) > 0. Note that A% (A1) > kY (As).

The following proposition shows that very similar results obtain for Ramsey savers in the

case of the closed economy.

Proposition 6 Emergence of RED, Ramsey savers. Suppose that at t = 0 a closed economy
18 at steady state Ey, and that at this time research and development becomes possible.

1) b5 (M) < ey The economy remains in the same, unique, implementation equilib-
reum.

2) by (M) < heny < h (A1) (see Figure 10). In this case no usual steady state exists
(the economy must tend to some chattering steady state).

3) heme < Ry (A\2) (see Figure 11). There exists a unique equilibrium along which effec-
tive human capital hy descends monotonically to hy (N2). The growth rate g first rises
immediately from the initial gr (A1) to o (A2, hy (A1), then descends monotonically to

gr(A2) > gr (A1),

For the proof see section 2.6 of Appendix 2.
B. Window of Opportunity for Lagging Economies

B.1 Immobile human capital
We assume again that R&D becomes fully feasible in a single leading economy, and
that after the arrival of R&D every other country’s technological spillover is negligible, so

that the growth rate g; is determined by the leading economy. ¢; and a; obey equations (35)
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and (13), while h; obeys

¢p (M (hay) s hy)
At (heay) Loy

(37) hy = UhY — ¢, - ~[6+ g1 + gl hu.

In this case the steady state value of h; is given by the solution h%(g) of

r{hkig) —p _

fTu

<

Equilibrium values a% (A;), ¢ (A\:) for a; and ¢; now follow from equations (35) and (13).
We proceed as follows. We examine the stability properties of the system of three equa-
tions at steady state, to obtain conditions under which two eigenvalues are positive and one
is negative, as expected. Then the existence of a policy function ¢; = ¢(ay, hy) implies that
the dynamics are similar to the non-Ramsey case for solutions not involving a technological
transition. Assume that g is fixed and that innovation will occur at hj(g) for Ay and X,

Then using the vector of variables (a, h,log(c)), the relevant Jacobian for the case A = A;is

=g aull0) 0
LD ht - '
o ml ( 0 {a,hc)*

The characteristic polynomial p (1) = p® + agp® -+ ayp + ag has

ag = (¢ + g)c* (”%ll = ¢p (a” b 1)) + o (1 =a")c"da™ <0
a = —(d+g)(WARIY /\(% ~ [0+ g +49))
s ¢¢y, (1 = a) * (T‘h (h) >
38 e A op o —1
(38) M la? w ! ( )

The first inequality follows from 7, < 0 and the elimination of all terms in ¢, by using the
steady state condition (1 — a)¢ = ag. It clearly implies that p (u) has at least one positive

root. By substituting ¢* in (38) we obtain

i A _ Ph _ ool -0a)
a, = —(¢+g)(¥sh i 6+ gr+g)) i
) rn (h*) .
F <‘1’h**’ - ﬁ;; ~[6+gr+ gk > ( L;E ~~~~~~~~~~~~ o (a7 = i))
ALl u
41
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We assume that the coefficient of ¢, satisfies

3\7{]&; — (R ~ [§+ g + gl R (a1 = 1) <0,

which means ¢ is not so large as to induce instability in the (a,h) plane, and that
UBREY — [6+ g1, +g] > 0,

which means the interest rate paid to human capital in the absence Of‘ incentives to innovation
would be positive. Then a; < 0. This additional condition implies that the remaining two
roots have negative real parts (see section 2.6 of Appendix 2) so there are no exploding
solutions in a and h.

It is not too difficult to show that none of the eigenvectors, associated with real or complex
eigenvalues, can have any entry equal to zero. This implies that, at least locally, the two
dimensional surface of solutions which is tangent to the eigenvectors corresponding to the
two roots with negative real parts defines a policy function c(a, h), and that the dynamics
on the (a, h) plane obtained by the substitution ¢; = c(ay, hy) are stable. Dividing the (a, i)
plane into two parts on either side of ah = e, and assuming that the policy function c(a, h)
exists everywhere, we obtain a phase diagram similar to the one used in the non-Ramsey
case to show the existence of a window of opportunity (Figure ).

B.2 Mobile human capital

Let Cy = Z;"l Cj; be global aggregate consumption. Then

, " : - T ) i 7 m 7
and the same equation is obeyed by Cy. The global stock of human capital H; = ijl Hy

obeys
™ L , ”
. T (,D%_(/\jt, /‘Ljd[;th?lm‘ - N
H, = ;l (\I!jAﬂ HylLy ™ — Al - éHjé —~ C}.




Define & = C, /AL, and let hy = H,/A™>L, as before. Then

L 1gip 1 by (Nt hi) Ly :
(39) he=) (xp'ja_;:,jfﬁ/),g?_,,z;}“ﬁ it-—_—wm;* /t : J) =&~ (64 g+ gu) ha.
j=1 gt

This equation and (21) for h;, replace the equations for hj. In the case of m identical
countries considered above, with W; = 1, the h;, will be identical, and equations (23) and
(24) will continue to hold. However, there will be one more equation in the system,

;’{ B T (h[) -0 g
B

Ce Oy
It is clear that near an steady state, as the global savings rate tends to a constant, behavior
similar to that obtaining for Solow savers will hold for each country, so that a window of

opportunity exists in this case too.
Appendix 2. Proofs

2.1 Proof of Proposition 1. Closed economy with single innovation technology.

In this case ) is fixed and

N . 'yl

f TV — '/Tt{f (e S J»L:\jé}

v ) )
l!b prel 0 "UL poneent -lwxy
TEVs F ASTy oy — il vy > liﬁ«

where ry = r(h;), 7y = 7(he), y» = y(h). In the first case the locus of v, = 0 is given by
1w p . BO=8aT , . ; , ; . . .

vp =Tl = ozt Since we are only concerned with the region r, > 0, the denominator
! t £ 1y e ’

is positive. In the second case v = 0. In the third case, 7, = 0 would imply that v, must

o .y {3 - ’
5 3 Y ) e 3(1‘““?3)‘1')% ' However. the assumption on < imelieg 93 « 19
qual vp = | = et s£. However, the assumption on $; implies v B
equal v; rm—Aszyz[ ;’?3\.&}25“l~~~5~-,LAs;\I/izf(/ owever, the as b 7 IR 6N

in contradiction to the definition of case 3. Thus there is no o = 0 locus so in case 3. Now

let us examine

8 \D/z;g — 16+ gr] hy v < L}‘L
hy = 3\17/?3? ~ 64 gr +od (N h)he v = ’“’X”“
S\I!/z,f ~ [0+ gr + Mospy(h)] he v > %’ﬂ

The locus of h = 0 is given by h = hg, h* and hsuper (n0 research, standard equilibrium, and

maximum possible research) respectively. These steady state values satisty hg > h* > hsuper,

43




because innovation leads to growth and to a depreciation of effective human capital. Let
hatin be the solution to ¢ (A, Ayi) = 0. We assume that ¢ (A, h*) > 0 so that there will be
innovation in steady state. Figure 1 shows the phase diagram for v and h in the case where
Patin < hsuper, although this inequality has no qualitative consequence on the nature of the
solution. The divergent solutions are excluded by the transversality condition allowing no
bubbles in ;.

Observe for reference that v} and hy are independent of X, while Ay, (A) is an increasing,
h* (X) and Aguper (A) decreasing functions of \.

2.2 Proof of Proposition 2. Part 1 is trivial. Part 2. R&D becomes possible and
h*(A2) < hewy < h* (A1) . It is clear that there is no point on the © = 0 locus at which there
is a steady state. The only remaining possible equilibria are on the line h = hegp. Fix some
€1,€2 > 0 and suppose for rising / that R&D becomes feasible only when it exceeds hey “+eq,

while for falling £ it ceases to be feasible only if it diminishes below Aoy, — £9. It is clear that

any solution satisfying the transversality condition must occur with %}» < v < 55, because
above these values v tends to infinity faster than the asymptotic rate of interest, and below
them v tends to negative infinity, on both sides of hcy. Suppose we approach hcyy from

above, as we do when we begin at the steady state value h* (A;). Then h and v will follow

the equations
(40) Dy o= ok Aaspy (hy) v — ik,
hy = sUhY — 6+ gr + ohasrye(he)] by

Since h* (Ag) < hepir, b will descend until heyy; — £9. Then R&D becomes infeasible and A

and v satisfy the equations

(41) Ve = vy — b,

he = sURY — 85+ g1 hy.

Now hcrip < h* (M) implies A rises above hgy, + €1, where the cycle commences again.

44




Observe that the equations for A is independent of v, so that so long as the alternating
behavior is observed, a trajectory for A is fully determined. Observe next that both when
h is descending and when it is ascending, the solution for v is a monotonically increasing
function of its initial value. Thus the full solution for v is monotonically increasing in its
initial value. Consider now a single cycle starting at hcye + 1. If the initial value for v is
%‘—;ﬂ, at the end of the cycle v will have diminished. On the other hand, if the initial value
for v is iff/i at the end of the cycle v will have increased. It follows that there is a unique
ralue v(eq, e9) for which the cycle will be periodic. For small values of €1, &9, the time taken

~(e14€2) .
SURE . ~[64+g1+orasry(her)lhen: |

for A to descend from heyg + £1 t0 heny — &2 18 approximately

the duration of the return trajectory is e 1;72 T Therefore the proportion b of the
sWhey —0+grnlheri '

time spent doing research is defined by the condition:

b — sV h’g?rii: n {(\ + (]L] l LCirit
1-b S\Ph’?}rit —[6 4+ g1 + oAasiy(hea )] hcfm-.’

from which it follows that:

sURLL! — [6+ g1

b= "
o A28y (herit)

Since v is constant over a complete cycle, growing according to (40) the fraction b of the
time and falling according to (41) the complementary fraction 1 — b of the time, therefore

he limiting steady-state value as (g, €,)is given by:
the limiting steady-state value as (g1, ¢5)is given by

with 7, 7 and y evaluated at h = hqyy; . The rate of growth is given by
g = oblsyy
I B
== S\I} ] l(‘llf o (> - g -

Thus there is a unique chattering steady state Eeypa. The remainder of the solution

is worked out by solving the differential equations backward, since the problem is forward
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looking. On both sides of hewie the time spent doing no research or the maximum research

before reaching a segment of the © = 0 locus is finite (recall that the derivatives of v are

. . . . Y o) .
discontinuous). The part of the trajectory lying on the v = L\;{”l part of this locus need not

occur if hgyy 18 too close to Ay, In this case by the time enough human capital becomes
accurnulated for implementation to be attractive the expected rise in creative destruction
that will occur due to the onset of R&D will deter it.

Part 3. R&D becomes possible and hesie < h* (Az). There is a unique point on the

0 = 0 locus on v = 3—\{ at which there is a stable steady state, corresponding to A* (Ag).

However, the line h = hey, sustains a chattering steady state Eey., similar to the one just
described, with value v > 41-;2"[’. At Eey,y intermediate goods firms deciding to pursue research
all of the time will increase creative destruction and bring down the value of innovations,
thereby destroying the equilibrium. The differential equation for A again gives the expression
9= gren = sWA* (\)7 1§ — g1 for the rate of growth, from which it follows that g0 < g,
80 also @ (A, h* (M) < ¢ (Mg, h* (Na)).

2.3 Proof of Proposition 3. We construct the phase diagram for the system of
equations (18), (19), Figures 5 and 6. For hiap = fit < ;i.(grif;, the locus of @, = 0 is
given by ¢, (A, hy) = gay/ (1~ a;). When ¢ > 0, this is an upward sloping curve pass-
ing through (A (A1), 0), while for ¢ < 0 the solution is @ = 0. The he = 0 locus satisfies
& (A, hy)/ [S\Wlllh,f”“l - - yL] =a;/ (1~ a;). When ¢ > 0, this is also upward-sloping, while
for ¢ < 0 the solution is h = h*(0). At a steady state with ¢ > 0, h = h*(g), expressing the
usual neoclassical relation. The equilibrium level go < g of world growth at steady state £,
before the advent of R&D in the leading country implied a higher level of effective human
capital h*(go). In the case ¢ < 0 we get a stagnating equilibrium Fstag = (h*(0),0).

Suppose first that Ay, (A) < A*(g). Then the implementation steady state i, remains
viable after the leading economy begins to grow (Figure 5). We have lsil[‘fl‘z,ﬁa‘“'l —8=gp >0

for hy < h*(go). Thus the h; = 0 locus also passes through (A, (A1), 0). Moreover, for
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he > h*(g), sUh™ — 6 — g, < g 50 the hy = 0 locus lies to the right of the @ = 0 locus on
the (a, h) plane. The converse relation holds for hy < h*(g). The technology steady state level
Ump(9) At By is given by ¢(Ay, h*(g)) = 9%, (9)/ (1 = af,, (g)). For the implementation
steady state Ep,, to exist, we assume that the innovation-effective human capital level at
this steady state lies below the threshold level necessary for R&D, h*(g)atm,(9) = ‘/N'zv,}*nm (g) <
o Considering now X, instead of \; for the productivity of innovation, we obtain the
loci of Ay = 0 and e = 0 in the region ha > hey in which R&D is feasible. Let afep(g) be
the steady state level for a at the new steady state Ergp; the one for A remains unchanged.
For the R&D steady state Epyp to exist, we assume that h*(9)aen(9) = Ahen(g) > hen.
It is easy to see that both equilibria are locally stable. Recall that the diagram is only valid
for paths not crossing the boundary ha = 7z,crii. Note that the locus of @, = 0 shifts to the
left when ¢ increases. The locus of A, = 0 remains unchanged. Thus Ay < ab. Note also
that since ¢ (A, A" (A1) < @ (Mg, h* (N)), afy < afyep.

In the remaining case Ay, (A1) > h*( g). The same arguments lead to Figure 6. In this
case when the leading economy starts growing the laggard economy is thrown into stagnation.

2.4 Proof of Proposition 4. We prove that the system of equations in alt&D - gOther
h, h, converges to a unique stable steady state. Since initially al*P = 1, it follows from its
differential equation that it will descend monotonically to its steady state value. We examine

the remaining system in the two variables af ™, h, assurning for now that a®® is fixed. Let

™M med s U Other
Tp o “‘“'“f*“(l..t - (1 - “"“”)(Ir ;
m m
s0 hy = hy/z. The locus of h;= 0 is
M1 par Y Others - N
s(wTaf“) + (1 — A«;}T)a““‘“)l - ((5 + g1 + omyd( s, }z,/.z)) R,
m

which is positively sloped. The arrows in the h direction give rise to a stable configuration.

MEquality can be considered under the €1, €9 definition used above.
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Note that

(Ao = Ap)m (h) £
(1)

¢(A2, h) = (M, h) =

0, writing ~ for ‘has the same sign as’,

9 ¢(Aash) N 0 (Mg, h) = ¢(A1, h)
d]? (b(Al,h) oh Q’I)(A[,h)

~ o (h) @(Ar k) = 7 (h) ¢y (M h)
~ —r(h) 7" (h)+ 7" (h) = (h)
< ) ey <o

QOther

Hence, as a; obeys,

o~ , (A 2 X
GO = (A, hy/z) (1= (14 omy a;—(—*g-*?%"'j; ather),
A hef 2

()t 101

the a = () locus

) ; BN, he /2
(7? ther __ (1 + ()"77‘7/1 l( Z_ZM t/ t)

)\1, } 1/ N[)
has a positive slope also with stable arrows. On this locus 2 is fixed and h has a single
stable steady state. independent of aP*"*". Therefore the loci of fzr 0 and 4" = 0 can
only meet once and the configuration of the phase diagram is the stable one. Hence there
is a unique stable steady state for each a, R&D - Ag this variable converges, so the full system

must converge.

2.5 Proof of Proposition 5. It only remains to prove that the saving rate for a closed

(] —tfy (‘(31--*@‘ . f‘\]i»wtx . i R ) ) o o ) .
economy, u(y(q-l’”,)f, <7 H((i ;,"‘)' s, is less than s, the saving rate for an open economy. Write

w=a(l—1iy), v=0(1-1). Keeping u-+v constant, the maximum value of the coefficient

uﬁxvlnﬂx

w-u

2.6 Proof of Proposition 6. 1) i} (A1) < hene implies 2 (A2) < hcye so that R&D is

can be shown to be smaller that o®(1 — &)™, which is smaller than 1.

not viable.

48




2) When implementation takes place and h > hyyy, the locus of i = 0 is given by

L Ay, by W .
Cp = \Ifhf - f{)—(—fx%——z = [0+ gr +0d (A, hy; )] b,

a concave function that first increases and eventually decreases to zero. When instead

h < hatin,
¢ = WhY — 6+ g1] he.

Thus the A = 0 locus is concave, with a discontinuous derivative at hyp,, the value of b at
which innovation begins. The A = 0 locus for R&D is obtained replacing A; with Ay, Figure
10 corresponds to the case hain (M) < Ao, @ = 1,2. The phase diagram under alternative
assumptions is similar. It is clear from these diagrams that no usual steady state exists end
the economy must tend to some chattering steady state.

3) The construction of the phase diagram is similar. As soon as R&D appears, it becomes
viable at the original steady state and remains so in the trajectory to the new steady state.
The properties of the solution are apparent from the diagram.

2.6 Two negative real parts. We show that a polynomial p (1) = 1%+ app® + a1+ ag
with ap < 0, a1 < 0 has two roots which are either negative or have negative real parts.
Because p (0) = ap < 0 and p () — o0 as p — oo, there is at least one positive root > 0.
Suppose the other two roots j, and py are real. Then p (1) = (1 — 1) (1 — i) (gt — L) s
ap = —fyflofty < 0, 80 fopg > 0, while a; = prgug + pypig + pypeg < 0. Therefore p, and
i3, which must be the same sign, are negative. Suppose instead that the other two roots
are the complex numbers iy = i3, Then p () = (= py) (10— pro = ipsg) (ft = pig +ip3) , 50

a1 = pif + 3 + py g < 0, which implies p, < 0.
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Figure 1. Dynamics and steady state for a single technology of
innovation (Case /o > fimin).
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Figure 2. Dynamics when R&D emerges. Case h*(}l]) > Dot > h*(/lz). The
economy evolves from original steady state £y to a chattering steady state Ecpar.
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Figure 3. Dynamics when R&D emerges. Case h'(42) > here. The economy
evolves from original e steady state £y to a fully viable R&D steady state Ergp.
The chattering steady state Eeny 1S unstable to competition by intermediate goods
firms with expectations consistent with Ergp.
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Figure 4. Some possible trajectories for leading edge technological growth
when R&D becomes viable in a closed economy.
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Figure 5. Window of Opportunity for Lagging Countries with Immobile
Human Capital after R&D Emerges (Case h*(g) > hmin). If the institutions
supporting R&D come into place soon enough, the economy will evolve
from original ¢ steady state £y to an R&D steady state Ergp. Otherwise it
will tend to the implementation steady state Eypp.
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Figure 6. Window of Opportunity for Lagging Countries with Mobile
Human Capital after R&D Emerges (Case 4'(g) < hwin). If the institutions
supporting R&D come into place soon enough, the economy will evolve
from original steady state £y to an R&D steady state Ergp. Otherwise it will
tend to the stagnation steady state Egiag.
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Figure 7. Window of Opportunity for Lagging Countries with Mobile
Human Capital after R&D Emerges in m; Leading Countries. If the
institutions supporting R&D do not come into place, the arrows leading to
a ren (marked lightly) are not present, and the economy will evolve from
the original steady state £y to the implementation steady state iy, (first
diagram) or to the stagnation steady state Fgug, (Second diagram). This
depends on the viability of implementation at the new steady state human
capital and growth levels. Only if the institutions supporting R&D come into
place soon enough will the economy converge to the R&D steady state
Ergp. The moving quantities @ mmp, @ ran» derits all converge to values which
depend on my. The window of opportunity is shorter for larger m; because
a mps a r&D, decrease while acyy; increases.
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Figure 8. Modern Day Window of Opportunity. The economy, originally at
an implementation steady state Eimp(0), moves to the R&D steady state Ergn
after parameter changes in s, y or A; lead to the disappearance of the
implementation steady state. A subsequent rise in Acy, the threshold level
for R&D, may close the window of opportunity (lighter arrow), causing the
economy to remain in an implementation steady state Ejyp.
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Figure 9. Implementation Difficulties Leading Implementing Countries to
Stagnation. The economy, originally at an implementation steady state
Einp(0), moves to the stagnating equilibrium sy, after parameter changes in
s, wor Ay lead to the disappearance of the implementation steady state.

61




h=0

PP

Ivin B (M) hed B (M) h

Figure 10. Ramsey Savers, Closed Economy: Dynamics when R&D

"~y * *® - Yy » # @ M
emerges. Case h z(A1) > hcrie > h #(A2). There is no solution involving
only one innovation technology. A chattering equilibrium Ecpy must
exist.
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Figure 11. Ramsey Savers, Closed Economy: Dynamics when R&D
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emerges. Case A g(42) > hcr. The economy evolves from original
equilibrium Ej to a fully viable R&D equilibrium Ergp.




